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MATERIAL SYSTEMS AND METHODS OF THREE-DIMENSIONAL PRINTING 

Related Application 

This non-provisional application claims the benefit under Title 35, U.S.C. §1 19(e) of 
5 co-pending U.S. provisional application serial no. 60/164,000, filed November 5, 1999, 
entitled "MATERIAL SYSTEMS AND METHODS OF THREE-DIMENSIONAL 
PRINTING" by James F. Bredt et al., incorporated herein by reference. 

Field of the Invention 

10 This invention relates generally to rapid prototyping techniques, and more particularly 

to three dimensional printing materials, methods, and articles made therefrom. 

Background of the Invention 
The field of rapid prototyping involves the production of prototype articles and 

15 functional parts, as well as ceramic shell molds for metal casting, directly from computer- 
generated design data. 

Two well-known methods for rapid prototyping include a selective laser sintering 
process and a liquid binder three dimensional printing process, as exemplified by U.S. Pat. 
No. 5,204,055. The techniques are similar to the extent that they both use layering 

20 techniques to build three-dimensional articles. Both methods form successive thin cross 
sections of the desired article. The individual cross sections are formed by bonding together 
grains of a granular material on a flat surface of a bed of the granular material. Each layer is 
bonded to a previously formed layer to form the desired three-dimensional article at the same 
time as the grains of each layer are bonded together. The laser-sintering and liquid binder 

25 techniques are advantageous because they create parts directly from computer-generated 

design data and can produce parts having complex geometries. Moreover, three-dimensional 
printing methods can be quicker and less expensive than conventional machining of prototype 
parts or production of cast or molded parts by conventional "hard" or "soft" tooling 
techniques which can take from a few weeks to several months, depending on the complexity 

30 of the item. 

Three-dimensional printing methods have been used to make ceramic molds for 
investment casting, thereby generating fully-functional metal parts. Additional uses have 
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been contemplated for three-dimensional printing methods. 

For example, three-dimensional methods may be useful in design-related fields where 
the articles may be used for visualization, demonstration and mechanical prototyping. It may 
also be useful for making patterns for molding processes. Three-dimensional printing 
5 methods may be further useful, for example, in the fields of medicine and dentistry, where 
expected outcomes may be modeled prior to performing procedures. Other businesses that 
could benefit from rapid prototyping technology include architectural firms, as well as others 
in which visualization of a design is useful. 

A selective laser sintering process is described in U.S. Pat. No. 4,863,568, which is 

10 incorporated herein by reference. The selective laser sintering process was commercialized 
by DTM Corporation. The selective laser sintering process involves spreading a thin layer of 
powder onto a flat surface. The powder is spread using a tool developed for use with the 
selective laser sintering process, known in the art as a counter-rolling mechanism (hereinafter 
"counter-roller"). Using the counter-roller allows thin layers of material to be spread evenly, 

15 without disturbing previous layers. After the layer of powder is spread onto the surface, a 
laser is directs laser energy onto the powder in a predetermined two-dimensional pattern. 
The laser sinters or fuses the powder together in the areas struck by its energy. The powder 
can be plastic, metal, polymer, ceramic or a composite. Successive layers of powder are 
spread over previous layers using the counter-roller, followed by sintering or fusing with the 

20 laser. The process is essentially thermal, requiring delivery by the laser of a sufficient 
amount of energy to sinter the powder together, and to previous layers, to form the final 
article. 

The selective laser sintering process is expensive due to the high cost of the laser and 
the complexity of the equipment used. In addition, only one laser is used at a time, making it 

25 a slow method. In addition, depending on the application, materials are sometimes used in 
the selective laser sintering method that require special handling or processing facilities. 

U.S. Pat. No. 5,204,055, incorporated herein by reference, describes an early three- 
dimensional printing method which involves the use of an ink-jet printing head to deliver a 
liquid or colloidal binder material to layers of powdered material. The technique (hereafter 

30 "liquid binder method") involves applying a layer of a powdered material to a surface using a 
counter-roller. After the powdered material is applied to the surface, the ink-jet printhead 
delivers a liquid binder to the layer of powder. The binder infiltrates into gaps in the powder 
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material, hardening to bond the powder material into a solidified layer. The hardened binder 
also bonds each layer to the previous layer. After the first cross-sectional portion is formed, 
the previous steps are repeated, building successive cross-sectional portions until the final 
article is formed. Optionally, the binder can be suspended in a carrier which evaporates, 

5 leaving the hardened binder behind. The powdered material can be ceramic, metal, plastic or 
a composite material, and can also include fiber. The liquid binder material can be organic or 
inorganic. Typical organic binder materials are polymeric resins, or ceramic precursors such 
as polycarbosilazane. Inorganic binders are used where the binder is incorporated into the 
final articles; silica is typically used in such an application. 

10 One advantage of using an ink-jet print head rather than a laser is that inexpensive 

printheads are commercially available that have a plurality of spray nozzles that can be used 
to deliver binder to the powder and that are arranged side-by-side in a single print head. In 
selective laser sintering machines, only one laser, which delivers energy to the powder, is 
conventionally used. The combination of several spray nozzles increases the speed of liquid 

15 binder printing compared to laser-sintering by allowing a wider area to be printed at one time. 
In addition, the liquid binder printing equipment is much less expensive than the laser 
equipment due to the high cost of the laser and the high cost of the related beam deflection 
optics and controls. 

The liquid binder printing technique has a serious reliability problem associated with 
20 the spray nozzles becoming clogged with the binder and/or powder material. Clogging 
occurs when binders having high levels of suspended solids are used. The problem with 
clogging requires frequent interruptions of the build in order to clean the spray nozzle. The 
clogging problem increases the time and labor required to build parts and to maintain the 
equipment. Therefore, although the liquid binder printing technique represents an advance in 
25 speed and cost over the selective laser sintering process, it suffers from reliability problems 
that slow down the build rate, increasing labor and equipment maintenance costs. This 
problem interferes with the potential speed advantage of increased printing capability 
presented by the plurality of spray nozzles. 

In addition to the above-mentioned disadvantages, the powders, especially metallic 
30 powders, used in both selective laser sintering and liquid binder techniques present safety 
issues that render them undesirable for use in an office environment. These safety issues may 
require special clothing and processing facilities to prevent, for example, skin contact or 
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inhalation of toxic materials. In addition, more expense may be incurred through complying 
with regulations for the disposal of toxic materials. For these reasons, these techniques do 
not lend themselves to being used in typical office environments, such as architectural and 
design firms, or doctors' offices. 
5 U.S. Pat. No. 5,490,962 to Cima discloses solid free-form techniques for making 

medical devices for controlled release of bioactive agents. 

U.S. Patent No. 5,639,402, to Barlow discloses a method for selectively fusing 
calcium phosphate particles that are coated, or alternatively mixed with, a polymeric binder 
material. 

10 

Summary of the Invention 
The present invention is directed to improved materials systems and methods for 
producing appearance models, small numbers of functional parts, etc. in an office 
environment. 

15 The following illustrative embodiments of the invention provide various methods of 

three-dimensional printing. 

One embodiment provides a first layer of dry particulate material comprising an ionic 
reactant and dispensing a homogeneous fluid onto a first region of the first layer, the fluid 
comprising an ionic reactant. An ion exchange reaction is allowed to occur between the 

20 particulate reactant and the reactant in the fluid, the reaction causing a solidified material to 
form in the first region. 

One embodiment provides a first layer of a dry particulate material, at least a portion 
of the particulate material comprising particles having a reactive coating. The method further 
includes dispensing a fluid onto a first region of the first layer. 

25 One embodiment provides a first layer of a dry particulate material comprising a 

reactant selected from the group consisting of metals, minerals and ceramic oxides. A 
homogeneous fluid is dispensed onto a first region of the first layer, the fluid comprising a 
reactant. A reaction is allowed to occur between the particulate reactant and the reactant in 
the fluid, the reaction causing a solidified material to form in the first region. 

30 One embodiment provides a first layer of a dry particulate material comprising a 

particles having a reactive surface. A fluid is dispensed onto a first region of the first layer, 
the fluid comprising a reactant. A reaction is allowed to occur between the reactive polymer 
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and the reactant in the fluid, the reaction causing a solidified material to form in the first 
region. 

One embodiment provides a first layer of a dry particulate material comprising a 
reactant. A fluid is dispensed onto a first region of the first layer, the fluid comprising a 
5 reactant capable of hydrogen-bonding with the particulate reactant. 

One embodiment provides a first layer of a dry particulate material comprising a 
reactant. A fluid is dispensed onto a first region of the first layer, the fluid comprising a 
reactant. A reaction is allowed to occur between the particulate reactant and the reactant to 
form an adhesive, the reaction causing a solidified material to form in the first region. 
10 One embodiment provides a first layer of a dry particulate material. A first fluid is 

dispensed, the first fluid comprising an adhesive and a second fluid comprising a cross- 
linking agent onto a first region of the first layer. A cross-linking reaction is allowed to 
occur, the reaction causing a solidified material to form in the first region. 

One embodiment provides a first layer of a dry particulate material. The method 
15 further comprises dispensing a first fluid comprising a hydrogen-bond donor and a second 
fluid comprising a hydrogen-bond acceptor onto a first region of the first layer. 

One embodiment provides a first layer of a dry particulate material. The method 
further comprises dispensing a first fluid comprising a first reactant and a second fluid 
comprising a second reactant onto a first region of the first layer. A reaction is allowed to 
20 occur between the first and second reactants to form an adhesive. 

One embodiment provides a first layer of a dry particulate material comprising an 
adhesive. The method further comprises dispensing a first fluid onto the first layer to 
dissolve the adhesive and dispensing a fluid solidifying agent onto a first region of the first 
layer. A reaction is allowed to occur between the first fluid and the solidifying agent, the 
25 reaction causing a solidified material to form in the first region. 

One embodiment provides a first layer of a dry particulate material. The method 
further comprises dispensing a fluid monomer onto the first layer and dispensing a fluid 
comprising an initiator onto a first region of the first layer. A polymerization is allowed to 
occur, the polymerization causing a solidified material to form in the first region. 
30 One embodiment provides providing a first layer of a dry particulate material 

comprising a first reactant and a second reactant. A fluid is dispensed onto a region of the 
first layer. A reaction is allowed to occur between the first and second reactants, the reaction 



WO 01/34371 



-6- 



PCT7US00/30347 



causing a solidified material to form in the first region. 

These and other features, aspects and advantages of the present invention will become 
better understood with reference to the following description and appended claims. 

5 Brief Description of the Drawings 

FIG. 1 illustrates schematically a first layer of a mixture of particulate material 
deposited onto a downwardly movable surface on which an article is to be built, before any 
fluid has been delivered; 

FIG. 2 illustrates schematically an ink-jet nozzle delivering a fluid material to a 
10 portion of the layer of particulate material of FIG. 1 in a predetermined pattern; 

FIG. 3 illustrates schematically two ink-jet nozzles delivering two fluid materials to a 
portion of the layer of particulate material of FIG. 1 in a predetermined pattern; 

FIG. 4 illustrates schematically a view of a final article made from a series of steps 
illustrated in FIGS. 1-2 or 1-3 enclosed in the container while it is still immersed in the loose 
15 particles; and 

FIG. 5 illustrates a view of the final article from FIG. 4. 

Detailed Description 
The present invention is now illustrated by describing several aspects and 
20 embodiments thereof. One group of embodiments employs two-component materials 
systems which are applicable to a printing process in which a fluid is dispensed in a 
predetermined pattern on a layer of dry particulate material. 

The majority of prior art three dimensional printing systems employ a one-component 
materials system. Here, one primary chemical component is responsible for the solidification 
25 process which is often aided by exposure of the primary component to an external energy 
source or applied stimulus, such as UV radiation, microwave radiation, infra-red radiation, or 
heat. 

In the illustrative two-component systems, two chemical reactants are present in either 
the dispensing fluid, the particulate layer or both, and chemically react to initiate hardening in 
30 a region of the desired predetermined pattern. The two component materials systems present 
several advantages: (1) The reactants can be judiciously chosen to cause an instantaneous 
chemical reaction which can result in spontaneous hardening in the patterned region; (2) An 
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extra processing step is eliminated — spontaneous hardening avoids the need for exposing the 
patterned material to an external energy source or an applied stimulus, thus facilitating and 
speeding up manufacture of the prototype article; and (3) A wider array of different binder 
and adhesive materials can be present in the final product due to the almost infinite number of 
5 chemical reactions possible, as opposed to limiting the choice of adhesives and binders to 
common, commercially available materials. 

The illustrative embodiments of this aspect of the present invention include two- 
component materials systems and methods which fall under three general classes: (1) a first 
reactive component in the dispensing fluid and a second reactive component present in a dry 
10 particulate layer; (2) two reactive components dispensed as a fluid; and (3) two reactive 
particulate components in which a dispensing fluid functions to dissolve or disperse the 
reactants. 

These methods have the following in common: providing a dry particulate layer, 
dispensing a fluid onto the particulate layer, and allowing a reaction to occur. The fluid is 

15 dispensed as a predetermined pattern resulting in a the fluid being present in a first region of 
the particulate layer. A chemical reaction occurs in the first region of the layer 
instantaneously and spontaneously. A chemical reaction eliminates the need for a subsequent 
step of curing the material, e.g. by exposing the material to an external energy source or 
applied stimulus because it is this chemical reaction which causes solidification of the 

20 material in the first region. In some cases, curing may be desired. The first region of 
solidified material is contiguous with a second region of free-flowing particulate material. 
The chemical reaction results from the two components chemically reacting with each other. 
"Chemically react," as used herein, results in the dissociation and/or formation of chemical 
bonds such as covalent bonds, ionic bonds, ionic interactions, hydrogen bonding interactions, 

25 and the like. "Solidification," "solidifying," "harden," and "hardening," as used herein, may 
mean any number of processes that achieve the formation of an integral solid structure (non- 
pourable) from the dry, free-flowing (pourable) particulate material and the fluid, including, 
but not limited to, dissolving, evaporating, chemically reacting, activating, free radical 
initiator curing, binding, adhering, polymerizing, crystallizing, and other transformative 

30 processes, including catalyzed processes. Those of skill in the art will recognize that various 
similar processes can achieve similar results. 

Rarely is an entire article printed with only one layer, although this is possible. More 



WO 01/34371 PCT/USOO/30347 

-8- 

commonly, the three dimensional printing method includes the steps of building the article in 
successive layers. Accordingly, the method further comprises providing a second layer of the 
dry particulate material over the first layer. The second layer is generally applied soon after 
fluid has been dispensed onto the first layer. The fluid is then dispensed onto a first region of 
5 the second layer and subsequent layers of the particulate material are deposited over a 
preceding layer followed by the step of dispensing the fluid. 

For optimal adherence and/or bonding between the layers, the pattern on the first layer 
should maintain its "wetness" at the time the second layer is deposited on the first layer. 
After patterning of the second layer, relatively simultaneous solidification of adjacent 

10 patterned regions results in a more integral association between the first and second layer 
where the respective patterned regions contact each other. The less optimal situation occurs 
where solidification of the patterned region in the first layer occurs prior to deposition of the 
second layer. However, for certain compositions, this may be sufficient to provide sufficient 
inter-layer structural integrity. 

15 The predetermined pattern of a layer may be the same or different from that of an 

adjacent layer, or any other layer. It is readily understood that in order to form an integral 
three-dimensional article, at least one portion of a region of the predetermined pattern in one 
layer must contact at least a portion of the patterned region in an adjacent layer or layers. 
The pattern for each layer is inputted from a computer. The accumulation of external 

20 surfaces of each pattern represents a three dimensional model in computer memory. 

The final shape of the three-dimensional article is defined by the collective contours 
of each of the layers. Structural aspects ( i.e. strength, stiffness, and so on ) are only relevant 
in so far as they maintain the external shape of the part. This is in contrast to drywall and 
paper cups which are typically molded from a single sheet or a pressed stack of sheets. Such 

25 functional materials demand more than mere visualization. The mechanical properties of 
these products are required to support loads and stresses from actual use, i.e. supporting a 
structure or containing a solid or liquid. In addition, sheet-forming and lamination processes 
have different assembly procedures from 3-D printing. In sheet-forming processes for 
functional finished articles of manufacture, the sheets are initially assembled edge-to-edge, 

30 and the viewable surface is simply the broad side of the sheet. Three-dimensional printing, in 
contrast, unites faces of thin layers to form a stack, the layers having a predetermined 
contour. The viewable surface of a three-dimensional printed article comprises layer edges 
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only, save for the uppermost and lowermost layers in certain cases. 

In embodiments of the present invention, the printed three-dimensional article is also 
known as a "prototype article," which as used herein, is meant to define a relatively easily 
produced model, such as representations of a bone, or a representation of a production part, 
5 such as a gear, bearing, shaft, etc., made of material completely different from that which the 
production part is made, for purposes of simplicity, speed, and economy. A prototype article 
is typically made for visualization purposes only and structural integrity of the prototype 
article usually does not meet the requirements needed for the corresponding functional 
article. 

10 

Li quid/Solid Reactive Component Systems 

The following embodiments relate to the first class of two-component systems in 
which a first reactant is present in the particulate material and a second reactant is present in 
the dispensing fluid. 

15 In one embodiment, the method of three-dimensional printing provides a first layer 

of dry particulate material comprising an ionic reactant. "Ionic reactant'* as used herein refers 
to a charged species (or electrostatically charged species) neutralized by a counterion. 
Examples of ionic reactants include salts, acids and bases or any other such ionically-bonded 
compounds. The layer of particulate material comprising the ionic reactant can be a layer of 

20 particulate ionic reactant only or a mixture of particulate ionic reactant and an inert filler. 
Examples of inert fillers are described more fully below. A homogeneous fluid is dispensed 
onto a first region of the first layer, the fluid comprising an ionic reactant. "Homogeneous 
fluid" as used herein refers to the liquid state. In this embodiment, the homogeneous fluid 
can comprise a liquid reactant in pure form or miscible with another fluid, typically an inert 

25 fluid. Alternatively, the ionic reactant can be a solid which is soluble in a fluid, typically an 
inert fluid. In either case, the inert fluid is most often a solvent, such as an organic solvent or 
water. 

In this embodiment, an ion exchange reaction is allowed to occur between the 
particulate reactant and the reactant in the fluid, both reactants being ionic reactants. An "ion 
30 exchange" reaction as used herein results in ionic reactant having a different counterion after 
the ion exchange. Preferably, the one ionic reactant comprises a cation or anion of interest 
which is to be ultimately combined with the second ionic reactant having a corresponding 
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anion or cation of interest, ultimately forming the desired ionically-bonded compound. The 
respective counterions not of interest also combine to form a salt, acid or base. The ion 
exchange is facilitated or made possible in the presence of the fluid, which not only provides 
one of the ionic reactants but also functions to dissolve the ionic reactants to facilitate or 
5 make possible the ion exchange reaction. Thus, the fluid provides a medium through which 
the electrostatic charges on the particulate material may interact with the ionic reactant in the 
fluid. Formation of the desired ionically-bonded compound causes a solidified material to 
form in the first region of the first layer. 

In one embodiment, the ionic reactant in the fluid is an electrolyte which can be a 

10 small molecule or a polymer having multiple charged sites, i.e. a polyelectrolyte. The 

particulate reactant can be soluble or insoluble in the fluid. Examples of soluble particulate 
cationic polyelectrolytes include polyallylamine hydrochloride, polybutylaminoethyl , 
methacrylate, polyethyleneimine, polyvinyl pyridine and poly diallyldimethylammonium 
chloride. Examples of insoluble cationic polyelectrolytes include Empresol N, Unicat 

15 KC1420, Unicat C3T (all from Kalamazoo Paper Chemicals), Pencat 600, Apollo 4280 (from 
Penford Corp) and aminosilane-functionalized glass beads. For these examples, the reactant 
in the fluid is a soluble anionic reactant such as sulfonated polystyrene, polyacrylic acid 
(PAA), polymethacrylic acid (PMAA), polyvinyl sulfonic acid, alkali metal salts of 
polyacrylic acid, alkali metal salts of polymethacrylic acid, alkali metal salts of polyvinyl 

20 sulfonic acid, ammonium salt of polyvinylsulfonic acid, ammonium salt of sulfonated 

polystyrene, ammonium salt of polyacrylic acid, ammonium salt of polymethacrylic acid and 
copolymer of sodium styrene sulfonate with maleic anhydride (Versa TL-3 from Alco 
Chemicals). 

The examples of anionic reactants in the fluid can also be provided as the particulate 
25 reactant. Alternatively, the particulate reactant can be an insoluble anionic reactant such as 
Astro-gum 3010 or Astro-gum 21. Accordingly, the reactant in the fluid is a soluble cationic 
reactant, such as any of those listed above. 

Any concentration of polyelectrolyte in the fluid material may be used with the 
electrostatically charged particulate material of the present embodiment. A polyelectrolyte 
30 concentration of about 3% has been found suitable in some instances. 

Other suitable polyelectrolytes include, but are not limited to, PMAA, poly(styrene 
sulfonate, sodium salt) (PSS), (PAA), and poly(diallyldimethylammonium chloride) (PDAC). 
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Preferred polyelectrolytes include PMAA (6,000 molecular weight, 30% aqueous solution, 
available from Aldrich Chemicals), PAA powder (2,000 molecular weight available from 
Fluka), PSS powder (mw 70,000, available from Aldrich Chemicals), and PDAC (20% 
aqueous solution, mw -150,000, available from Aldrich Chemicals. 

5 The electrostatically charged materials may be mixed in any ratio. Suitable ratios 

have been found to be about a 1:1 ratio based on the charge density of each component. 
Suitable cationically charged materials include cationically charged starches and polymers 
containing quartenary amines. Preferred cationically charged starches include, but are not 
limited to, Empresol N ( Kalamazoo Paper Chemicals, Kalamazoo Mich.), Apollo 4280 and 

10 Pencat 600 (available from Penford Products Co., Cedar Rapids, Iowa). Suitable anionically 
charged materials include anionically charged starches and polymers containing sulfonate, 
phosphate, and carboxylic acid groups. Preferred anionically charged starches include, but 
are not limited to, Astro Gum 3010 and Astro Gum 21 (available from Penford Products Co., 
Cedar Rapids, Iowa). 

15 Preferred material systems according to the present embodiment include, but are not 

limited to, a mixture of an aqueous fluid with any one of a particulate material that includes 
the following combinations: sodium polystyrene sulfonate and a cationic starch; polycationic 
and polyanionic powders; and, anionic polymers and polyvalent salts. 

Another embodiment of the present invention provides a method including the step of 

20 providing a first layer of a dry particulate material in which at least a portion of the 

particulate material comprises particles having a reactive coating. This embodiment widens 
the scope of possible reactive particles. Certain reactive groups may not have been accessible 
as pure particles, or the solid form was not structurally stable. However, a solution of such 
reactive groups can be coated onto an inert particle, resulting in an effectively reactive 

25 particle. The coating process can be performed by spraying a solution or pure liquid of 
reactive groups onto an inert particle or dipping the inert particle into the reactive group 
solution or pure liquid. The resulting particle may comprise reactive groups adsorbed on the 
surface of the particle or covalently bonded to the surface of the particle. "Inert" in this 
instance refers to inertness with respect to the reaction resulting in solidification for the 

30 printing. Thus, an inert particle can be surface-derivatized to result in covalently bound 
reactive groups, and this can be achieved by methods known particularly in the field of 
manufacturing derivatized chromatographic materials. 
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The layer of particulate material can be a pure collection of particles having reactive 
coatings, or a mixture of inert particles and the particles having reactive coatings. Examples 
of groups which can form a reactive coating include phenolic precursors, vinyl groups, acids, 
bases, isocyanates, cyanoacrylates, epoxides, amines, carboxylic acids, hydroxyl groups, 
5 acetates, amides and esters. 

In one embodiment, a reaction is allowed to occur between the reactive coating and a 
reactant in the fluid, in which the reaction causes a solidified material to form in the first 
region. The reaction can be any of the chemical reactions described herein. 

The reactive coatings can be reacted with reactants in the fluid or with soluble 

10 reactants in the particulate material. 

For example, the reactive coating and the reactant in the fluid can be a charged 
species and the resulting reaction is an ion-exchange reaction as discussed above. Thus, the 
coating can be anionic or cationic, and can include any of the soluble anionic or cationic 
reactants listed herein. Accordingly, the reactant in the fluid will be an ionic reactant of 

15 opposing charge. Additionally, coatings that react with soluble cationic reactants include 
acids, carboxylic acids, and adsorbed anionic polyelectrolytes. Coatings that react with 
soluble anionic reactants include bases, amines, hydroxyl groups, and adsorbed cationic 
polyelectrolytes. The reaction can be an acid/base reaction in which the reactive coating 
provides the fluid-soluble acid or base. 

20 Alternatively, a hydrogen-bonding reaction can occur in which the reactive coating 

can be any hydrogen-bond donor or acceptor listed herein. Additionally, coatings that react 
with hydrogen-bond donors carboxylic acids, oxides, isocyanates, epoxides, acetates, 
amides, esters, and adsorbed hydrogen-bond acceptors. Coatings that react with H-bond 
acceptors include acids, amines, carboxylic acids, hydroxyl groups, alcohols, amides, and 

25 adsorbed hydrogen-bond donors. 

The reactive groups can provide a catalyst and the reactant in the fluid can be a 
monomer in which the ensuing reaction is a polymerization catalyzed by any of a variety of 
polymerization catalysts including ionic (cationic or anionic) or free-radical initiators 
(examples of monomers and initiators are described and listed herein). The reaction can 

30 involve covalent bond dissociation and/or formation. Coatings that can participate in 

polymerization reactions include any of the monomers listed herein, including vinyl groups, 
cyanoacrylates, epoxies, and amines. An appropriate initiator (cationic- or free-radical ) is 
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present in the particulate material. 

Such coatings may also be desirable, for example, to improve adhesion. 

Another embodiment of the present invention provides a method including the step of 
providing a first layer of a dry particulate material comprising a reactant such as metals, 
5 minerals and ceramic oxides. A fluid is dispensed onto a first region of the first layer in 
which the fluid comprises a reactant allowing a reaction to occur between the particulate 
reactant and the reactant in the fluid, the reaction causing a solidified material to form in the 
first region. 

This embodiment exploits the reactive nature of metals, minerals and ceramic oxides 
10 in conjunction with fluid reactants such as polymers. The polymer can be cross-linked by the 
metal, mineral or ceramic oxide. The polymer can be capable of an ion exchange reaction 
with the metal, mineral or ceramic oxide. Alternatively, the reaction can be a neutralization 
reaction, causing precipitation and/or cross-linking to occur, resulting in the solidification. 
Examples of reactants in the fluid include sulfonated polystyrene, polyacrylic acid, 
15 polymethacrylic acid, polyvinyl sulfonic acid, alkali metal salts of polyacrylic acid, alkali 
metal salts of polymethacrylic acid, alkali metal salts of polyvinyl sulfonic acid, ammonium 
salt of sulfonated polystyrene, ammonium salt of polyvinylsulfonic acid, ammonium salt of 
polyacrylic acid, ammonium salt of polymethacrylic acid and copolymer of sodium styrene 
sulfonate with maleic anhydride. As a more specific example, polyacrylic acid is capable of 
20 oxidizing a metal such as iron or copper, to a salt of the acid (e.g. iron polyacrylate). The 
metal polyacrylate forms a solid film on the surface of the particles. The metal cations can 
diffuse about the acidic solution with the effect of solidifing the polyacrylic acid. 

Examples of metals include iron, copper, carbon steel, stainless steel, aluminum, 
brass, molybdenum, tungsten, magnesium, and cobalt. 
25 Examples of ceramic oxides include alumina (AI2O3), anatase (TiCh), silicon dioxide, 

aluminum silicate and glass. 

Example of minerals include limestone(CaC0 3 ), magnetite, calcium silicate (CaSi0 4 ), 
hydrous calcium sulfate (CaS0 4 # 2H 2 0 ), hydrated lime (Ca(OH)2> and calcium phosphate. 

Another embodiment of the present invention provides a method including the step of 
30 providing a first layer of a dry particulate material comprising a reactive surface. A fluid is 
dispensed onto a first region of the first layer, in which the fluid comprises a reactant. A 
reaction is allowed to occur between the reactive surface and the reactant in the fluid, the 



WO 01/34371 PCT/USOO/30347 

-14- 

reaction causing a solidified material to form in the first region. The reactive surface can 
comprise an inert particle having a reactive coating or an entire particle that is reactive. 

Examples of reactive polymers include those having polyol groups which can react 
with isocyanate reactants in the fluid. An ion exchange reaction can occur between sodium 
5 polystyrene sulfonate particles and cationic polyelectrolytes in the fluid, such as any of the 
cationic polyelectrolytes previously mentioned. 

Alternatively, the reaction can be a polymerization reaction in which an initiator is 
present in the fluid and the particulate material further comprise a monomer that is soluble in 
the fluid. Examples of such monomers include vinylic monomer, an acrylic monomer and a 

10 dienic monomer. Other monomers include acrylic acid, methacrylic acid, acrylamide and 
styrene. Examples of initiators include potassium persulfate, ammonium persulfate, sulfuric 
acid, perchloric acid, fluorosulfonic acid, trifluoromethylsulfonic acid, trifluroacetic acid, tin 
tetrachloride, aluminum trichloride, and boron trifluoride, potassium peroxodisulfate, 
ammonium persulfate with N^^N'-tetramethylethylenediamine (TMEDA), 3- 

15 dimethylaminopropionitrile (DMAPN, potassium persulfate with 4,4-azobis(4-cyano valeric 
acid), dibenzoyl peroxide, t-butyl perbenzoate and azobisisobutyronitrile. 

Where the particle is a reactive polymer examples include an unsaturated polyester, 
polybutadiene, polyisoprene, an unsaturated polyurethane and copolymers thereof. 

Examples of reactive coatings or reactive particles include sodium polystyrene 

20 sulfonate, sulfonated polystyrene, polyacrylic acid, polymethacrylic acid, polyvinyl sulfonic 
acid, alkali metal salts of polyacrylic acid, alkali metal salts of polymethacrylic acid, alkali 
metal salts of polyvinyl sulfonic acid, ammonium salt of polyvinylsulfonic acid, ammonium 
salt of sulfonated polystyrene, ammonium salt of polyacrylic acid, ammonium salt of 
polymethacrylic acid and copolymer of sodium styrene sulfonate with maleic anhydride. 

25 Another embodiment of the present invention exploits hydrogen bonding reactions 

that result in solidification of the particulate material. In this embodiment, a method includes 
the step of providing a first layer of a dry particulate material comprising a reactant and 
dispensing a fluid onto a first region of the first layer. The fluid comprising the reactant is 
capable of hydrogen-bonding with the particulate reactant. Hydrogen bonding is allowed to 

30 occur between the particulate reactant and the reactant in the fluid, in which the hydrogen 
bonding causes a solidified material to form in the first region. 

In one embodiment, the particulate material comprises a particulate reactant which is 
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soluble in the fluid. The particulate reactant can either be a hydrogen-bond donor or 
hydrogen-bond acceptor and the corresponding reactant in the fluid is a hydrogen-bond 
acceptor or a hydrogen-bond donor. Examples of hydrogen-bond acceptors and donors are 
listed herein. 

5 Examples of adhesive/cross-linking agent combinations include polyvinyl 

alcohol/Borax, polyvinyl alcohol/polyethylene oxide and polyethylene oxide/polymethacrylic 
acid. 

In the preceding examples, at least one of the reactants in itself has properties of an 
adhesive. Another embodiment of the present invention provides a method by which the 

10 neither of the reactants has properties of an adhesive, but rather an adhesive is formed upon 
reaction of the two reactants. The method includes the step of providing a first layer of a dry 
particulate material comprising a reactant a fluid is dispensed onto a first region of the first 
layer, in which the fluid comprises a reactant. A reaction is allowed to occur between the 
particulate reactant and the reactant to form an adhesive. Formation of the adhesive, (or 

15 occurrence of the reaction) causes a solidified material to form in the first region. 

Examples of reactant in the fluid include 2-amino-2-methyl 1-propanol (AMP), 2- 
amino-2-methyl 1-3 propanediol (AMPD), 2-amino-2-ethyl 1-3-propanediol (AEPD), and a 
hydroxide. Specific hydroxides include sodium hydroxide, potassium hydroxide, and 
ammonium hydroxide. Examples of particulate reactants which can react with these listed 

20 examples of reactants in the fluid include a copolymer of 

octacrylamide/acrylates/butylaminoethylmethacrylate, e.g. Amphomer LV 71 (National 
Starch & Chemical, Bridgewater, NJ). An additional benefit of such systems is the ability to 
self cross-link. 

Other combinations include particulate reactants such as urea, a phenolic resin and 
25 melamine in which corrresponding reactants in the fluid can be formaldehyde. 

Liquid/Liquid Reactive Component Systems 

The following embodiments relate to the second class of two-component systems in 
which a first reactant and second reactant is present in the dispensing fluid. In general, the 
30 first and second reactants are provided in separate dispensing fluids due to their propensity to 
react with each other. The two reactants can be applied simultaneously or successively. Both 
reactants can be patterned on the layer, or one reactant can be applied throughout the 
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particulate layer thereby wetting the particulate material. The other layer can be printed on 
the wetted particulate material such that solidification occurs only on the printed region of the 
layer. The dispensing fluids are homogeneous fluids, as described previously. 

For example, when two fluid materials are used, they may each include one part of a 

5 two-part adhesive that react together to form an adhesive, which then hardens to form an 
essentially solid article that includes any remaining particulate material. A specific example 
of such a system is a two-part epoxy adhesive or structural acrylic, in which the both parts are 
fluid and are dispensed through separate print-head nozzles. 

Both fluids are patterned on the dry particulate layer, either successively or 

10 simultaneously through multiple print heads. This avoids a wasteful process of wetting the 
entire layer with a fluid. Wetting the entire layer may also increase toxicity of the process. 

Another embodiment of the present invention provides a method including the step of 
providing a first layer of a dry particulate material. The method also involves dispensing a 
first fluid comprising an adhesive and a second fluid comprising a cross-linking agent onto a 

15 first region of the first layer. A cross-linking reaction is allowed to occur in which the 
reaction causes a solidified material to form in the first region. 

For example, the adhesive can be polyvinyl alcohol and the cross-linking agent can be 
sodium tetraborate (Na 2 B 4 0 7 ), e.g. Borax. 

Another embodiment of the present invention exploits hydrogen-bonding interactions 

20 caused by two reactants in the fluid. A first fluid comprising a hydrogen-bond donor and a 
second fluid comprising a hydrogen-bond acceptor is dispensed onto a first region of a first 
layer of a dry particulate material. The method further comprises the step of allowing 
hydrogen bonding to occur between the hydrogen-bond donor and acceptor. The hydrogen 
bonding causes a solidified material to form in the first region. 

25 Examples of hydrogen-bond donors and acceptors include those described herein. 

Another embodiment of the present invention provides an adhesive formed by the 
reaction of the two reactants in the fluid. Prior to the reaction, neither of the reactants in itself 
is an adhesive. The method involves providing a first layer of a dry particulate material and 
dispensing a first fluid comprising a first reactant and a second fluid comprising a second 

30 reactant onto a first region of the first layer. The method further comprises allowing a 
reaction to occur between the first and second reactants to form an adhesive. Formation of 
the adhesive causes a solidified material to form in the first region. 
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As an example the first reactant can be an isocyanate such as Bayhydur XP-7063 
(Bayer) and the second reactant can be a polyol. Examples of polyols include glycerol, 
sorbitol, erythritol and polyvinyl alcohol. 

Another embodiment of the present invention provides a first fluid to dissolve an 
5 adhesive in the powder and a reactant in the fluid which is a solidification agent. The 
solidification process can result from ionic bonding via ion-exchange reactions, resulting 
precipitation via neutralization, or cross-linking. A neutralization reaction can also result in 
cross-linking. Accordingly, the method provides a first layer of a dry particulate material 
comprising an adhesive. A first fluid is dispensed onto the first layer to dissolve the 
10 adhesive. A second fluid comprising a cross-linking agent is dispensed onto a first region of 
the first layer. A reaction is allowed to occur between the first fluid and the cross-linking 
agent, in which the reaction causes a solidified material to form in the first region. 

Thus, the particulate adhesive must be soluble in the first fluid. The first fluid can be 
a pure fluid such as a solvent or water, or it can be a solution such as an acidic or basic 
15 solution. Alternatively, the adhesive can react with the first fluid to form another reactive 
species. 

An example of a soluble particulate adhesive is 
octacrylamide/acrylates/butylaminoethylmethacrylate, e.g. Amphomer and an example of a 
first fluid capable of dissolving this adhesive includes aqueous solutions of 2-amino-2- 

20 methyl- 1-propanol (AMP) and potassium hydroxide. The solidification agent can be an acid 
such as hydrochloric acid, citric acid, succinic acid and adipic acid which neutralizes the 
soluble adhesive and causes subsequent precipitation. A polymeric acid such as polyacrylic 
acid (PAA) or polymethacrylic acid ( PMAA) can both neutralize and crosslink the adhesive. 
Another embodiment of the present invention takes advantage of polymer formation 

25 to harden a region of the particulate layer. The ensuing polymer does not need to be a known 
adhesive per se. Rather it is the formation of the polymer matrix supporting the particulate 
material which causes hardening of the patterned region in the layer. Accordingly, this 
method provides a first layer of a dry particulate material. A fluid monomer is dispensed 
onto the first layer. A fluid comprising an initiator is dispensed onto a first region of the first 

30 layer. Polymerization is allowed to occur, in which the polymerization causing a solidified 
material to form in the first region. 

The initiator can be a cationic or a free-radical initator. Examples of cationic 
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initiators include sulfuric acid, perchloric acid, fluorosulfonic acid, trifluoromethylsulfonic 
acid, trifluroacetic acid, tin tetrachloride, aluminum trichloride, and boron trifluoride. 
Monomers which can be polymerized with these examples of initiators include isobutene, 
alkenes, alkyl-vinyl ethers, vinylacetals, dienes, styrene, N-vinyl carbazole, beta-pinene, 

5 oxiranes, N-substituted aziridines, lactams and oxazolines. 

Examples of a free-radical initiator include potassium peroxodisulfate, ammonium 
persulfate with N,N,N\N -tetramethylethylenedi amine (TMEDA) or 3- 
dimethylaminopropionitrile (DMAPN), potassium persulfate with 4,4-azobis(4-cyanovaleric 
acid), dibenzoyl peroxide, t-butyl perbenzoate and azobisisobutyronitrile. Monomers which 

10 can be polymerized with these examples of initiators include vinylic monomers, acrylic 
monomers, dienic monomers, acrylic acid, methacrylic acid and acrylamide. 

Solid/Solid Reactive Component Systems 

The following embodiments relate to the second class of two-component systems in 
15 which a first reactant and second reactant is present in the layer of particulate material. A 

fluid dispensed onto this layer can dissolve either one or both of the solid reactants. The fluid 

is a homogeneous fluid, as described previously. 

Accordingly, one embodiment of the present invention provides a method providing a 

first layer of a dry particulate material comprising a first reactant and a second reactant. A 
20 fluid is dispensed onto a region of the first layer. A reaction between the first and second 

reactants is allowed to occur, in which the reaction causes a solidified material to form in the 

first region. 

In one embodiment, the fluid dissolves both the first and second reactant. The 
reaction can be an ion-exchange reaction in which the first reactant can be any of the soluble 

25 cationic or anionic reactants described herein and correspondingly, the second reactant can be 
a soluble ionic reactant having an charge opposite that of the first reactant. The second 
reactant also can be any one of the soluble cationic or anionic reactants described herein. An 
example includes a powder of acrylonitrile/butadiene/styrene copolymer coated with sodium 
polystyrene sulfonate and blended with a cationic polyelectrolyte. In this combination, the 

30 coating on the polymer particles can react with the cationic polyelectrolyte. 

Alternatively, the first and/or second reactant can comprise an inert bead coated with 
a solution comprising any of the soluble anionic or cationic polyelectrolytes mentioned 
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previously. 

Other examples include amine-functionalized glass beads reacting with an anionic 
polyelectrolyte, and tosylate-functionalized carbon black reacting with a cationic 
polyelectrolyte in dry form in the powder, or epoxy-functionalized glass beads with amines in 
5 dry form in the particulate material, or powders coated with any adhesive listed herein. 

Alternatively, the first and second reactants can be soluble hydrogen donors and 
hydrogen acceptors respectively, as described herein. 

In another embodiment, one of the reactants is insoluble in the fluid and the other 
reactant is soluble in the fluid. 

10 In one embodiment, the first reactant is a metal, a ceramic oxide or mineral that is 

capable of reacting with a particulate polymer that is soluble upon dispensing the fluid and is 
capable of solidification upon reaction with the metal, metal oxide or ceramic. Alternatively, 
the particulate polymer can be an inert bead coated with a soluble reactive polymer capable 
of solidification. Examples of soluble particulate polymers include sulfonated polystyrene, 

15 polyacrylic acid, polymethacrylic acid, polyvinyl sulfonic acid, alkali metal salts of 

polyacrylic acid, alkali metal salts of polymethacrylic acid, alkali metal salts of polyvinyl 
sulfonic acid, ammonium salt of sulfonated polystyrene, ammonium salt of polyacrylic acid, 
ammonium salt of polymethacrylic acid and copolymer of sodium styrene sulfonate with 
maleic anhydride. As a more specific example, polyacrylic acid is capable of oxidizing a 

20 metal such as iron or copper, to a salt of the acid (e.g. iron polyacrylate). The metal 

polyacrylate forms a solid film on the surface of the particles. The metal cations can diffuse 
about the acidic solution with the effect of solidifing the polyacrylic acid. 

Specific examples metals and oxide ceramics which react with acid polyelectrolytes 
in dry particulate material. Polystyrene sulfonate or sodium polystyrene sulfonate 

25 copolymerized with maleic anhydride ( Versa TL-3 from Alco Chemicals ) or any of the 
polyelectrolytes mentioned previously can be present in the particulate material and which 
are soluble in a fluid of an acid such as acetic acid or HC1 could react with metals, ceramic 
oxides or minerals as listed herein. 



30 



Particulate Materials 

For purposes of the present invention, "particulate material" is meant to define any 
material containing significant amounts of particulate material. The particulate material may 
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react with, be soluble in, or interact with the fluid material, or any portion thereof, depending 
upon the particular embodiment of the invention that is being practiced. For example, in 
certain embodiments, it may be desirable that the particulate material dissolve in the fluid 
material. Similarly, in other embodiments it may be desirable that the particulate material 
5 chemically react with the fluid material. In yet other embodiments, it may be desirable that 
the fluid and particulate material interact to the degree that the fluid material, or a portion 
thereof, hardens around at least a portion of the particulate material. 

Generally, the size of the particles in the particulate material is limited by the 
thickness of the layers to be printed. That is, the particles are preferably approximately 

10 smaller than the thickness of the layers to be printed. The particulate materials may have any 
regular or irregular shape. Using smaller particles may provide advantages such as smaller 
feature size, the ability to use thinner layers, and the ability to reduce what is known in the art 
as a "stair stepping" effect. In preferred embodiments, the material systems include 
particulate material having particles with a mean diameter ranging from about 1 \im to about 

15 300 jim, preferably ranging from about 2 \im to about 100 \im, preferably ranging from about 
10 \im to about 300 fim, more preferably ranging from about 10 Jim to about 100 Jim, and 
more preferably ranging from about 10 nm to about 50 Jim. 

The particulate material can include inert particles. The inert particles or any portion 
of the particulate material can comprise granular, powdered or fibrous materials. 

20 Classes of inert particles include a polymer, a ceramic, a metal, an organic material, 

an inorganic material, a mineral, clay and a salt. 

Examples of inert polymers include poly(methyl methacrylate), polystyrene, 
polyamide, polyester, a latex, polyethylene, polypropylene, polyurethane, polyvinyl chloride, 
polyvinyl acetate, cross-linked polyvinyl pyrrolidone, hydrophilic polyurethane, 

25 poly(ethylene terephthalate), thermoplastic urethane, styrene-acrylonitrile copolymer, 
thermoplastic polyolefin, an epoxy-based polymer, polyether, polyamine, a polyacid, a 
polycarbonate, a vinyl polymer, an aromatic polyamide, a diene polymer, poly(phenylene 
oxide), polysiloxane, polynorbomene, polyisoprene, a polyphenylene ether, styrene-butadiene 
block copolymer, acrylonitrile-butadiene-styrene, high impact polystyrene and copolymers 

30 thereof. 

Examples of inert ceramics include gypsum, limestone, clay, aluminum oxide, 
aluminum silicate, calcium silicate, silicon dioxide, titanium dioxide, glass, iron oxide, zinc 
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oxide, magnetite, aluminum hydroxide, magnesium oxide, calcium phosphate, zirconium 
silicate, silicon carbide, boron nitride, boron carbide and borosilicate. 

Examples of inert organic materials include starch, cellulose, wood powder, wax, 
resin, bone, protein, carbohydrates, sugars, textile fibers and dietary fibers. 

5 Examples of inert salts include sodium carbonate, sodium bicarbonate, sodium borate, 

sodium chloride, sodium sulfate, potassium sulfate, potassium chloride, magnesium sulfate, 
magnesium chloride, potassium aluminum sulfate, sodium polyphosphate, sodium acetate, 
hydrous calcium sulfate, calcium phosphate, sodium silicate, and hydrated lime (Ca(OH)2>. 
Choosing a suitable particulate material for the material systems of the present 

10 invention involves various qualitative evaluations, which may easily be accomplished 

through routine experimentation by those of ordinary skill in the art. First, a small mound of 
particulate material is formed, a small depression is formed in the mound, and a small amount 
of fluid is placed in the depression. Visual observations are made regarding, among other 
things, the rate at which the fluid diffuses into the particulate material, the viscosity of the 

15 particulate material introduction of the fluid, and whether a membrane is formed around the 
fluid. Next, line testing is performed by filling a syringe filled with fluid and strafing the 
mounds of particulate material. After a period of about 24 hours, the mounds of particulate 
material are examined. Those in which pebbles of particulate material have formed are most 
suitable, as it means that the particulate material and fluid react more quickly than the fluid 

20 can evaporate or diffuse into the surrounding dry powder. Those in which both pebbles and 
rods of hardened material have formed are the most suitable, indicating that the rate at which 
the fluid and particulate material harden is greater than the rate at which fluid evaporates or 
diffuses into the surrounding dry powder. In some instances, the rods of hardened material 
will shrink, indicating that the particulate material may give rise to problems with distortions. 

25 As described above, various additives may be included in the particulate material and/or fluid 
to accelerate the rate at which the particulate material hardens. 

The particulate material may also be evaluated to determine the ease of spreading. 
Simple test parts may also be formed to determine, inter alia, the flexural strength, the 
distortion, the rate of hardening, the optimum layer thickness, and the optimum ratio of fluid 

30 to particulate material. Material systems suitable for use in the three-dimensional printing 
method include those hardening with minimal distortion, in addition to relatively high 
flexural strength. That is, hardened products with high flexural strength values may not be 



WO 01/34371 



-22- 



PCT/US00/30347 



suitable for use in the three-dimensional printing method, if distortions compromise the 
accuracy of the final printed articles; this is especially applicable where relatively fine 
features are desired. 

After a material has been identified as a candidate material for process through line 
5 testing, the formula may be further developed by printing test patterns on a 3-D Printer. The 
strength, accuracy, and degree of difficulty in handling may all be characterized with a set of 
test parts (e.g., breaking bars for strength and gauge blocks for accuracy). These tests may be 
repeated as much as necessary, and powder formulas are iterated until optimum 
characteristics are obtained. 

10 Various processing aids may be added to the particulate material, the fluid, or both, 

including, but not limited to, accelerators, adhesives, flowrate enhancers, humectants, and 
visible dyes, fiber, filler, and combinations thereof. Examples of these and other additives 
may be found in U.S. Patent 5,902,441. 

Suitable particulate materials for the present material system include any of those 

15 described above. One preferred particulate material includes glass beads. Suitable glass 
beads range in size from about 10 to about 200 microns. Preferred glass beads include 70 
micron diameter and 1 19 micron diameter glass beads (available under the product name of 
Spheriglass #2530 and #2227, from Potters Industries Inc., Valley Forge, Pennsylvania). 
Another preferred particulate material includes glass beads coated with a coupling agent 

20 (available under the product name of Spheriglass #2530-CP-03 and #2227-CP-03 from 

Potters Industries Inc.). Preferably, the coupling agents are attached to the glass beads using, 
for example, silane chemistry, which is well known to those of skill in the art. 

In general, increasing the ratio of fluid to particulate material increases strength of the 
25 final article. Therefore, maximizing the amount of fluid printed to the particulate material 
layer will generally increase the strength of the final article, but sometimes at the expense of 
increasing the amount and/or severity of distortions in the printed article. "Distortions," as 
used herein, includes, but is not limited to warping, caking, and bleeding. Consequently, the 
ratio of fluid to particulate material is practically limited by several factors, including the 
30 desired speed of printing, and the acceptable amount of distortion in the final article. In order 
to prevent the nozzles from clogging, it may be desirable to include various processing aids in 
the fluid. Examples of these and other additives may be found in U.S. Patent 5,902,441, 
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which is hereby incorporated by reference in its entirety. 

Referring now to FIGS. 1 and 3, a schematic representation of a printing method 
using the materials system of the present invention is presented. According to the method, a 
layer of particulate material 20 is applied on a downwardly movable surface 22 of a container 

5 24. The layer of particulate material 20 may be formed in any manner, and preferably is 
applied using a counter-roller, which minimizes disruption of any previously applied layers. 
The thickness of an individual layer used to build the prototype articles of the present 
invention preferably ranges from about 12 |iun to about 1000 Jim, more preferably from 
about 25 \im to about 250 Jim, and more preferably still from about 80 \xm to about 180 Jim. 

10 In theory, there is no limit on the thickness of the layers of particulate material other than the 
capability of the equipment being used. In practice, the layers of particulate material are 
typically limited by the amount of fluid that may be delivered to the layer, as described 
below. 

FIG. 2 is a schematic representation of an ink-jet nozzle 28 delivering a plurality of 

15 droplets of a fluid 26 to a portion 30 of the layer 20 of the particulate material in a two- 
dimensional pattern. According to the method, the fluid 26 is delivered, or printed, to the 
layer of particulate material in any predetermined two-dimensional pattern (circular, in the 
figures, for purposes of illustration only), using any convenient mechanism, such as a Drop- 
On-Demand (hereinafter "DOD") printhead driven by customized software which receives 

20 data from a computer-assisted-design (hereinafter "CAD") system, a process which is known 
in the art. The first portion 30 of the particulate material layer and the fluid harden to form an 
essentially solid circular layer that becomes a rigid cross-sectional portion of the final article. 

In some instances, the ink-jet nozzle 28 may be used to dispense two or more fluids 
simultaneously. In such instances, it is preferable that the fluids are mixed together before 

25 being introduced into the nozzle. 

FIG. 3 is a schematic representation of another embodiment of the method, in which a 
first ink-jet nozzle 28 delivering a plurality of droplets of a first fluid 26 and a second ink-jet 
nozzle 29 delivering a second fluid 27 to a portion 30 of the layer 20 of the particulate 
material in a two-dimensional pattern. As in the previous embodiment, the fluids 26 and 27 

30 are delivered, or printed, to the layer of particulate material in any predetermined two- 
dimensional pattern. Those of skill in the art will recognize that any number of ink-jet 
nozzles may be used to deliver fluid to the layer of particulate material, limited only by 
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practical considerations. In the present embodiment, the fluids may be the same or different, 
depending on the material system being used, which were described previously. When 
different fluid materials are used, it is necessary that the ink-jet print heads are in close 
enough proximity to allow the fluids to mix together on the surface of the particulate 
5 material. 

In some instances, it may be desirable to print very small features. The size of 
features that may be printed is determined, in part, by the size of the droplets dispensed from 
the nozzle. In general, smaller nozzles produce smaller droplets and smaller printed features. 
However, smaller nozzles reduce the printing speed, as the volume of fluid printed on the 

10 layer of particulate material decreases, and clogging may occur as well. Occurrences of 
nozzle clogging may be avoided by using larger nozzles, which dispense larger droplets. 
Again, the size of the nozzle and droplets may be practically limited by the acceptable 
amount of distortion in the final article. Preferably, the individual droplets of fluid have a 
volume ranging from about 5 pi to about 200 pi. Commercially available print heads are 

15 available that provide droplet sizes in three ranges, typically from about 3 pi to about 25 pi, 
from about 40 pi to about 100 pi and from 250 pi to about 5000 pi. Typically, the material 
systems and method of the present invention are capable of producing features on the order of 
about 75-125 Jim, but smaller or larger features may be achieved by changing the droplet 
size. 

20 Any loose particulate material 32 that was not exposed to the fluid remains loose and 

free-flowing on the movable surface. "Loose" or "free-flowing" as used herein, refers to any 
unhardened or unsolidified particulate material. Preferably, the loose particulate material is 
left in place until formation of the final article is complete. Leaving the loose particulate 
material in place ensures that the article is supported during processing, allowing features 

25 such as overhangs, undercuts, and cavities (not illustrated, but conventional) to be defined 
without using support structures. After formation of the first cross-sectional portion of the 
final article, the movable surface is indexed downward. 

Using, for example, a counter-rolling mechanism, a second layer of particulate 
material is then applied over the first, covering both the rigid first cross-sectional portion 30, 

30 and any loose particulate material by which it is surrounded. A second application of fluid 
follows in any of the manners described above. Thus, the particulate material and fluid 
material in the newly printed layer harden, forming a second rigid cross-sectional portion 
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added to the first rigid cross-sectional portion of the final article. The movable surface is 
again indexed downward. 

Maximizing the amount of fluid printed to the layers ensures that fluid is available to 
act as a vehicle in which the reaction may take place. The fluid is capable of bonding 
5 together the particulate material in an amount that is several times the mass of a droplet of the 
fluid. The amount by which the individual droplets expand or migrate into the particulate 
material depends on many factors, including the rate at which the fluid and the particulate 
material react, and may also be affected by the addition of additives to either the particulate 
material and/or the fluid. 

10 The previous steps of applying a layer of particulate material, applying the fluid, and 

indexing the movable surface downward are repeated until the final article is completed. 
Alternatively, those skilled in this art would know how to build an article in layers upward 
from an immovable platform, by successively depositing, smoothing and printing a series of 
such layers. FIG. 4 is a schematic representation of a final cylindrical article after it has been 

15 completely formed. At the end of the process, only the top surface 34 of a final article 38 is 
visible in the container. The final article is preferably completely immersed in a bed 36 of 
loose particulate material, and is made up of a plurality of essentially evenly distributed 
layers. 

FIG. 5 is a schematic representation of the final cylindrical article 38 after removal of 
20 the loose particulate material, preferably by blown air or a vacuum. After removal of the 
loose particulate material from the final article 38, post-processing treatment may be 
performed, including cleaning, infiltration with stabilizing materials, painting, etc. 

After the final article has been formed, any additional fluid, or free moisture, may be 
removed to increase the strength of the printed article. Although not required, excess 
25 moisture may be removed from the final article by drying at a temperature of at least about 
125 °F, generally up to a limit of around 350°F. If an adhesive is incorporated into the 
article, higher drying temperatures may be used, which is dependent on the adhesive used. In 
general, when an adhesive is used, the flexural strength of the final article increases with the 
amount of time it is subject to heat. 
30 After the final article has set, and all loose surrounding powder has been removed, the 

article may be infiltrated with a variety of materials to improve the hardness, strength, or 
toughness. These finishes may fill in any pores in the part, improving the surface finish, and 
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making it more impervious to water or solvents. Suitable hardeners include, but are not 
limited to, molten wax, varnish, lacquer, cyanoacrylate, polyurethane, and epbxy. 

A final article formed using the material systems and methods of the present invention 
will include a plurality of evenly distributed layers of the mixture of the particulate material 
5 and the fluid The layers preferably each have a thickness in the range of less than about 
1000 Jim, more preferably about 25 jxm to about 250 \im, and more preferably still about 80 
\sm to about 175 Jim. For layers having a thickness of less than about 125 nm, the 
uniformity of the layer typically varies less than "about 0.001". The flexural strength of the 
article of the invention is dependent on, among other things, the composition of both the 

10 particulate material and the fluid, the ratio of fluid to particulate material, and the amount of 
additives, if any. In practice, the strength of the articles is limited only by the minimum 
strength required in order to handle the article without breaking. The preferred flexural 
strength of the final articles is dependent on the type of article that is formed, but is typically 
at least about 1 MPa, more preferably at least about 5MPa, and more preferably at least about 

15 10 MPa. Flexural strength of less than 1 MPa may be sufficient for some applications. 

Example 1 

Line tests were performed to determine suitable combinations of anionic starch, 
cationic starch, and polyelectrolyte. A particulate material was prepared to include a cationic 
20 starch and an anionic starch blended in a 1:1 mixture, by weight. A fluid mixture containing 
an aqueous binder and about 3% of a polyelectrolyte was prepared and dispensed onto the 
powder. A syringe was used to squirt the polyelectrolyte mixture onto the starch mixture. 
Suitable material systems are shown below in Table 1. 
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TABLE 1 



Cationic 


Anionic 


Polyelectrolyte 


Line Test 


Starch 


Starch 




Results 


Apollo 4280 


Astro Gum 3010 


PMAA 








PAA 








PSS 


++ 






PDAC 




Pencat 600 


Astro Gum 3010 


PMAA 








PAA 








PSS 


++ 






PDAC 




Apollo 4280 


Astro Gum 21 


PMAA 


+ 






PAA 








PSS 


++ 






PDAC 




Pencat 600 


Astro Gum 21 


PMAA 


+ 






PAA 








PSS 


++ 






PDAC 





Those material system combinations with positive results were further tested on a 
three-dimensional printing system. Those material systems with negative results were further 
optimized. 



Example 2 

Line tests were performed on a material system in which the particulate material was 
glass beads having an aminosilane coupling agent on the exterior surface. The fluid material 
10 was an aqueous solution containing about 2% potassium sulfate and about 3% of either 

PMAA or PAA (as shown below in Table 2). The pH of the fluid was adjusted to about 5 by 
adding a 1 Molar solution of sodium hydrogen sulfate. A syringe was used to squirt the fluid 
mixture onto the particulate mixture. 

The composition of the particulate mixture and fluid mixture are shown below in 
15 Table 2 . The resulting lines were cohesive and were lifted out of the bed of glass beads 
without breaking. 
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TABLE 2 



Glass beads 


Bead Diameter (jim) 


Polyelectrolyte 


Spheriglass, 2530-CP-03 


71 


PMAA 




71 


PAA 


Spheriglass, 2227-CP-03 


119 


PMAA 




119 


PAA 



Example 3 

Test bars were formed to evaluate the strength of a material system. ZB7™ stock 
5 binder from Z Corporation was printed onto a particulate mixture. The particulate mixture 
included polyanionic polystyrene sulfonate (PSS) (MW 70,000, available from Aldrich 
Chemicals, Milwaukee, Wisconsin) and a polycationic potato starch (available under the 
product name Unicat C3T from Kalamazoo Paper Chemicals, Kalamazoo, Michigan), and 
glass beads (available under the product name Spheriglass #2530(CP-03) and #2227(CP-03) 
10 from Potter Industries) or technical grade pumice (available from PTI Process Chemicals, 
Cary, Illinois). The glass beads were unreactive with the PSS, potato starch, and the aqueous 
fluid. 

An electrostatic attraction between the PSS and starch was activated by the fluid, 
causing the materials to interact chemically to form an essentially solid article that included 
15 the glass beads or the pumice. 



TABLE 3 



PSS 


Unicat C3T 


Glass Bead 
Diameter 
(Jim) 


Pumice 
Particle diameter 
(fim) 


5 


25 


70 




12 


6 


82 




3 


7 


90 




9 


21 


70 




15 


35 




50 


15 


35 




50 


35 


15 




50 
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Test bars made of the materials shown above in Table 3 had a strength ranging from 
1-2 MPa. 

Example 4 

5 This is an example of a two-component materials system in which a reactant in the 

liquid combines with a particulate reactant to form an adhesive. The powder used contains 
45% maltodextrin, 25% cellulose fiber, 15% sucrose, and 10% Amphomer LV-71 (National 
Starch and Chemical, Bridgewater, NJ), in which all powders have a preferred grain size less 
than 100 microns, and larger than two microns, most preferably around 20-40 microns. The 

10 Amphomer is the reactive component in the powder. The binder consists of a mixture of 82% 
water, 15% 2-amino-2-methyl-l-proanol ( AMP ),and 3% isopropyl alcohol. Amphomer is 
insoluble in water unless it reacts with AMP. The combination of AMP and Amphomer 
dissolves, bonds to the maltodextrin and cellulose, after which the Amphomer crosslinks with 
itself. The butylaminomethacrylate is cationic, and bonds to anionic components in the 

15 acrylates portion of the copolymer, causing the solution to form a gel. This gel stiffens the 
adhesive bonds with the other components, forming a solid part. 

Example 5 

This is an example of a two-component materials system in which a first fluid 
20 dissolves an adhesive in the powder and a second fluid solidifies the adhesive. The powder 
of Example 4 is used as well as one of the two binder formulas. Using a machine with at 
least two independent fluid channels ( e.g. the Z402C™ color 3-D printer ) A second binder 
formula consisting of 89% water, 8% acetic acid, and 3% isopropanol is printed through the 
second set of fluid channels. The binder with AMP is printed in a first pass, and the binder 
25 with acetic acid is printed in a second pass. After the first pass, Amphomer dissolves and 
migrates to bonds between grains of filler. This proceeds until the second pass, when the acid 
neutralizes the AMP from the first pass, rendering the Amphomer insoluble, and accelerating 
the solidification. 



30 



Example 6 

This is an example of a two-component materials system in which a first particulate 
reactant comprises a salt and the second particulate reactant is a polyelectrolyte. A mixture 
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of a powder is used containing 90% limestone powder and 10% sodium polystyrene sulfonate 
(Versa TL-70 from Alco Chemical Co.). The grain size of the limestone is preferably less 
than 50 microns and greater than 2 microns, most preferably around 20 microns. The grain 
size of the polymer is preferably less than 100 microns, and most preferably between 10 
5 microns and 40 microns. This material is activated with a standard binder solution ( ZCorp 
"ZB7™" ) that performs as a solvent for the polymer, dissolving it and bringing it into 
contact with the limestone. The anionic sulfonate polymer is ionically bonded to the calcium 
cations in the limestone, resulting in a material with a flexural strength in excess of 14 
megapascals (MPa). 

10 

Example 7 

This is an example of a two-component materials system in which two particulate -. 
reactants dissolve in the fluid, one reactant being an adhesive and the other crosslinking the 
adhesive. In a preferred embodiment following this claim, a powder consisting of a mixture 
15 of 22% sucrose, 25% cellulose fiber, 52% maltodextrin, 1% polyethylene oxide ( molecular 
weight 5,000,000 ) and 2% polyvinyl alcohol(PVA), was built using a standard fluid binder ( 
ZCorp ZB7™ ) and found to have approximately 20% higher flexural strength than the 
equivalent mixture with maltodextrin replacing the PVA. 

20 Those skilled in the art will readily appreciate that all parameters listed herein are 

meant to be exemplary and actual parameters depend upon the specific application for which 
the methods and materials of the present invention are used. It is, therefore, to be understood 
that the foregoing embodiments are presented by way of example only and that, within the 
scope of the appended claims and equivalents thereto, the invention can be practiced 

25 otherwise than as specifically described. 



What is claimed is: 
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CLAIMS 

1. A method of three-dimensional printing, comprising: 

providing a first layer of dry particulate material comprising an ionic reactant; 
5 dispensing a homogeneous fluid onto a first region of the first layer, the fluid 

comprising an ionic reactant; and 

allowing an ion exchange reaction to occur between the particulate reactant and the 
reactant in the fluid, the reaction causing a solidified material to form in the first region. 

10 2. The method of claim 1, wherein the reactant in the fluid is an electrolyte. 

3. The method of claim 2, wherein the electrolyte is a polyelectrolyte. 

4. The method of claim 3, wherein the polyelectrolyte is a cationic polyelectrolyte. 

15 

5. The method of claim 4, wherein the cationic polyelectrolyte is selected from the group 
consisting of polyallylamine hydrochloride, polybutylaminoethyl methacrylate, 
polyethyleneimine, polyvinyl pyridine and poly diallyldimethylammonium chloride. 

20 6. The method of claim 3, wherein the polyelectrolyte is an anionic polyelectrolyte. 

7. The method of claim 6, wherein the anionic polyelectrolyte is selected from the group 
consisting of sulfonated polystyrene, polyacrylic acid, polymethacrylic acid, polyvinyl 
sulfonic acid, alkali metal salts of polyacrylic acid, alkali metal salts of polymethacrylic acid, 
25 alkali metal salts of polyvinyl sulfonic acid, ammonium salt of polyvinyl sulfonic acid, 
ammonium salt of sulfonated polystyrene, ammonium salt of polyacrylic acid, ammonium 
salt of polymethacrylic acid and copolymer of sodium styrene sulfonate with maleic 
anhydride. 

30 8. The method of claim 6, wherein the particulate ionic reactant is a cationic reactant. 



9. 



The method of claim 8, wherein the cationic reactant is selected from the group 
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consisting of Empresol N, Unicat KC1420, Unicat C3T, PENCAT 600, APOLLO 4280, 
polyallylamine hydrochloride, polybutylaminoethyl methacrylate, polyethyleneimine, 
polyvinyl pyridine, poly diallyldimethylammonium chloride, aminosilane-functionalized 
glass beads. 

5 

10. The method of claim 4, wherein the particulate ionic reactant is an anionic reactant. 

1 1 . The method of claim 10, wherein the anionic reactant is selected from the group 
consisting of Astro-gum 3010, Astro-gum 21, sulfonated polystyrene, polyacrylic acid, 

10 polymethacrylic acid, polyvinyl sulfonic acid, alkali metal salts of polyacrylic acid, alkali 
metal salts of polymethacrylic acid, alkali metal salts of polyvinyl sulfonic acid, ammonium 
salt of polyvinyl sulfonic acid, ammonium salt of sulfonated polystyrene, ammonium salt of 
polyacrylic acid, ammonium salt of polymethacrylic acid and copolymer of sodium styrene 
sulfonate with maleic anhydride. 

15 

12. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material, at least a portion of the particulate 
material comprising particles having a reactive coating; and 
dispensing a fluid onto a first region of the first layer. 

20 

13. The method of claim 12, further comprising the step of allowing a reaction to occur 
between the reactive coating and a reactant in the fluid, the reaction causing a solidified 
material to form in the first region. 

25 14. The method of claim 12, wherein the particles having a reactive coating each 
comprise an inert particle having a reactive coating. 

15. The method of claim 14, wherein the reactive coating is adsorbed on the inert particle. 

30 16. The method of claim 14, wherein the reactive coating is covalently bonded to the inert 
particle. 
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17. The method of claim 12, wherein the reactive coating is selected from the group 
consisting of phenolic precursors, vinyl groups, acids, bases, isocyanates, cyanoacrylates, 
epoxides, amines, carboxylic acids, hydroxyl groups, acetates, amides and esters. 

5 18. The method of claim 12, wherein the particulate material further comprises a reactant 
that is soluble in the fluid. 

19. The method of claim 13, wherein the reaction is an ion exchange reaction. 
10 20. The method of claim 13, wherein the reaction is a hydrogen-bonding reaction. 

21. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising a reactant selected from 
the group consisting of metals, minerals and ceramic oxides; 
15 dispensing a homogeneous fluid onto a first region of the first layer, the fluid 

comprising a reactant; and 

allowing a reaction to occur between the particulate reactant and the reactant in the 
fluid, the reaction causing a solidified material to form in the first region. 

20 22. The method of claim 2 1 , wherein the reactant in the fluid is a polymer capable of 
solidification. 

23. The method of claim 22, wherein the solidification occurs by ionic bonding. 
25 24. The method of claim 22, wherein the solidification occurs by hydrogen bonding. 

25. The method of claim 22, wherein the solidification occurs by cross-linking. 

26. The method of claim 22, wherein the reactant is selected from the group consisting of 
30 sulfonated polystyrene, polyacrylic acid, polymethacrylic acid, polyvinyl sulfonic acid, alkali 

metal salts of polyacrylic acid, alkali metal salts of polymethacrylic acid, alkali metal salts of 
polyvinyl sulfonic acid, ammonium salt of polyvinyl sulfonic acid, ammonium salt of 
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sulfonated polystyrene, ammonium salt of polyacrylic acid, ammonium salt of 
polymethacrylic acid and copolymer of sodium styrene sulfonate with maleic anhydride. 

27. The method of claim 22, wherein the metal is selected from the group consisting of 
5 iron, copper, carbon steel, stainless steel, aluminum, brass, molybdenum, tungsten, 

magnesium, and cobalt. 

28. The method of claim 26, wherein the ceramic oxide is selected from the group 
consisting of alumina (AI2O3), anatase silicon dioxide, aluminum silicate and glass. 

10 

29. The method of claim 26, wherein the mineral is limestone (CaC03), magnetite, 
calcium silicate (CaSi0 4 ), hydrous calcium sulfate (CaS(V2H 2 0 ), hydrated lime (Ca(OH>2) 
and calcium phosphate. 

15 30. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising a particles having a 
reactive surface; 

dispensing a fluid onto a first region of the first layer, the fluid comprising a reactant; 

and 

20 allowing a reaction to occur between the reactive polymer and the reactant in the 

fluid, the reaction causing a solidified material to form in the first region. 

31. The method of claim 30, wherein the reactant in the fluid is a monomer and the 
particulate material further comprises an initiator. 

25 

32. The method of claim 31, wherein the monomer is selected from the group consisting 
of a vinylic monomer, an acrylic monomer and a dienic monomer. 

33. The method of claim 32, wherein the monomer is selected from the group consisting 
30 of acrylic acid, methacrylic acid, acrylamide and styrene. 



34. 



The method of claim 31, wherein the reactive polymer is selected from the group 
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consisting of an unsaturated polyester, polybutadiene, polyisoprene, an unsaturated 
polyurethane and copolymers thereof. 

35. The method of claim 31, wherein the initiator is selected from the group consisting of 
5 potassium persulfate, ammonium persulfate, sulfuric acid, perchloric acid, fluorosulfonic 

acid, trifluoromethylsulfonic acid, trifluroacetic acid, tin tetrachloride, aluminum trichloride, 
and boron trifluoride, potassium peroxodi sulfate, ammonium persulfate with N^NJTJT- 
tetramethylethylenediamine (TMEDA), 3-dimethylaminopropionitrile (DMAPN, potassium 
persulfate with 4,4-azobis(4-cyanovaleric acid), dibenzoyl peroxide, t-butyl perbenzoate and 
10 azobisisobutyronitrile. 

36. The method of claim 30, wherein the particulate material comprising a reactive ■ ■ 
polymer includes inert particles having a reactive coating. 

15 37. The method of claim 30, wherein the reactive coating is a polyol group. 

38. The method of claim 37, wherein the reactant in the fluid is an isocyanate. 

39. The method of claim 38, wherein the isocyanate is Bayhydur XP-7063. 

20 

40. The method of claim 36, wherein the reactive coating comprises sodium polystyrene 
sulfonate, sulfonated polystyrene, polyacrylic acid, polymethacrylic acid, polyvinyl sulfonic 
acid, alkali metal salts of polyacrylic acid, alkali metal salts of polymethacrylic acid, alkali 
metal salts of polyvinyl sulfonic acid, ammonium salt of polyvinyl sulfonic acid, ammonium 

25 salt of sulfonated polystyrene, ammonium salt of polyacrylic acid, ammonium salt of 
polymethacrylic acid and copolymer of sodium styrene sulfonate with maleic anhydride. 

41. The method of claim 40, wherein the reactant in the fluid is a cationic polyelectrolyte. 

30 42. The method of claim 4 1 , wherein the cationic polyelectrolyte is selected from the 
group consisting of polyallylamine hydrochloride, polybutylaminoethyl methacrylate, 
polyethyleneimine, polyvinyl pyridine and poly diallyldimethylammonium chloride. 
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43. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising a reactant; and 
dispensing a fluid onto a first region of the first layer, the fluid comprising a reactant 
5 capable of hydrogen-bonding with the particulate reactant. 

44. The method of claim 43, further comprising the step of allowing hydrogen bonding to 
occur between the particulate reactant and the reactant in the fluid, the hydrogen bonding 
causing a solidified material to form in the first region. 

10 

45. The method of claim 44, wherein the particulate reactant is soluble in the fluid. 

46. The method of claim 45, wherein the particulate reactant is a hydrogen-bond donor. 

15 47. The method of claim 46, wherein the hydrogen-bond donor is selected from the group 
consisting of polymethacrylic acid, polyacrylic acid and polyvinyl alcohol. 

48. The method of claim 46, wherein the reactant in the fluid is a hydrogen-bond 
acceptor. 

20 

49. The method of claim 48, wherein the hydrogen-bond acceptor is selected from the 
group consisting of polyethylene oxide, polyvinyl pyridine, polyethylene glycol and 
polyvinylpyrrolidone. 

25 50. The method of claim 45, wherein the particulate reactant is a hydrogen-bond acceptor. 

51 . The method of claim 50, wherein the hydrogen-bond acceptor is selected from the 
group consisting of polyethylene oxide, polyvinyl pyridine, polyethylene glycol and 
polyvinylpyrrolidone. 

30 

52. The method of claim 50, wherein the reactant in the fluid is a hydrogen-bond donor. 
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53. The method of claim 52, wherein the hydrogen-bond donor is selected from the group 
consisting of polymethacrylic acid, polyacrylic acid and polyvinyl alcohol. 

54. The method of claim 43, wherein an adhesive/hydrogen-bonding agent combination is 
5 selected from the group consisting of polyvinyl alcohol/Borax, polyvinyl 

alcohol/polyethylene oxide and polyethylene oxide/polymethacrylic acid. 

55. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising a reactant; 
10 dispensing a fluid onto a first region of the first layer, the fluid comprising a reactant; 

and 

allowing a reaction to occur between the particulate reactant and the reactant to form 
an adhesive, the reaction causing a solidified material to form in the first region. 

15 56. The method of claim 55, wherein particulate reactant is a copolymer of 
octacrylamide/acrylates/butylaminoethylmethacrylate. 

57. The method of claim 56, wherein the reactant in the fluid is selected from the group 
consisting of 2-amino-2-methyl 1-propanol (AMP), 2-amino-2-methyl 1-3 propanediol 

20 (AMPD), 2-amino-2-ethyl 1-3-propanediol (AEPD), and a hydroxide. 

58. The method of claim 57, wherein the hydroxide is selected from the group consisting 
of sodium hydroxide, potassium hydroxide, and ammonium hydroxide. 

25 59. The method of claim 55, wherein the particulate reactant is selected from the group 
consisting of urea, a phenolic resin and melamine. 

60. The method of claim 59, wherein the reactant in the fluid is formaldehyde. 

30 

61 . A method of three-dimensional printing, comprising: 
providing a first layer of a dry particulate material; and 
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dispensing a first fluid comprising an adhesive and a second fluid comprising a cross- 
linking agent onto a first region of the first layer; and 

allowing a cross-linking reaction to occur, the reaction causing a solidified material to 
form in the first region. 

5 

62. The method of claim 61, wherein the adhesive is polyvinyl alcohol and the cross- 
linking agent is Borax. 

63. A method of three-dimensional printing, comprising: 
10 providing a first layer of a dry particulate material; and 

dispensing a first fluid comprising a hydrogen-bond donor and a second fluid 
comprising a hydrogen-bond acceptor onto a first region of the first layer. 

64. The method of claim 63, further comprising the step of allowing hydrogen bonding to 
15 occur between the hydrogen-bond donor and acceptor, the hydrogen bonding causing a 

solidified material to form in the first region. 

65. The method of claim 64, wherein the hydrogen-bond donor is selected from the group 
consisting of polymethacrylic acid, polyacrylic acid and polyvinyl alcohol. 

20 

66. The method of claim 64, wherein the hydrogen-bond acceptor is selected from the 
group consisting of polyethylene oxide, polyvinyl pyridine, polyethylene glycol and 
polyvinylpyrrolidone. 

25 67. A method of three-dimensional printing, comprising: 
providing a first layer of a dry particulate material; 

dispensing a first fluid comprising a first reactant and a second fluid comprising a 
second reactant onto a first region of the first layer; and 

allowing a reaction to occur between the first and second reactants to form an 
30 adhesive. 



68. 



The method of claim 67, wherein the formation of the adhesive causes a solidified 
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material to form in the first region. 

69. The method of claim 68, wherein the first reactant is an isocyanate. 
5 70. The method of claim 69, wherein the isocyanate is Bayhydur XP-7063. 

71. The method of claim 69, wherein the second reactant is a polyol. 

72. The method of claim 71, wherein the polyol is selected from the group consisting of 
10 glycerol, sorbitol, erythritol and epoxy-functionalized glass beads. 

73. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising an adhesive; 
dispensing a first fluid onto the first layer to dissolve the adhesive; 
15 dispensing a fluid solidifying agent onto a first region of the first layer; and 

allowing a reaction to occur between the first fluid and the solidifying agent, the 
reaction causing a solidified material to form in the first region. 

74. The method of claim 73, wherein the particulate adhesive is 
20 octacrylamide/acrylates/butylaminoethylmethacrylate copolymer. 

75. The method of claim 74, wherein the first fluid is selected from the group consisting 
of 2-amino-2-methyl 1-propanol (AMP), 2-amino-2-methyl 1-3 propanediol (AMPD), 2- 
amino-2-ethyl 1-3-propanediol (AEPD), sodium hydroxide, potassium hydroxide, and 

25 ammonium hydroxide. 

76. The method of claim 75, wherein the solidifying agent is an acid. 

77. The method of claim 76, wherein the acid is selected from the group consisting of 
30 hydrochloric acid, citric acid, succinic acid, adipic acid, polyacrylic acid, polymethacrylic 

acid, and polyvinyl sulfonic acid. 
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78. A method of three-dimensional printing, comprising: 
providing a first layer of a dry particulate material; 
dispensing a fluid monomer onto the first layer; 

dispensing a fluid comprising an initiator onto a first region of the first layer; and 
5 allowing polymerization to occur, the polymerization causing a solidified material to 

form in the first region. 

79. The method of claim 78, wherein the initiator is cationic. 

10 80. The method of claim 79, wherein the cationic initiator is selected from the group 
consisting of sulfuric acid, perchloric acid, fluorosulfonic acid, trifluoromethylsulfonic acid, 
trifluroacetic acid, tin tetrachloride, aluminum trichloride, and boron trifluoride. 

81. The method of claim 79, wherein the monomer is selected from the group consisting 
15 of isobutene, alkenes, alkyl-vinyl ethers, vinylacetals, dienes, styrene, N-vinyl carbazole, 

beta-pinene, oxiranes, N-substituted aziridines, lactams and oxazolines. 

82. The method of claim 78, wherein the initiator is a free-radical initiator. 

20 83. The method of claim 82, wherein the free-radical initiator is selected from the group 
consisting of potassium peroxodisulfate, ammonium persulfate with N,N,N',N'- 
tetramethylethylenediamine (TMEDA) or 3-dimethylaminopropionitrile (DMAPN, potassium 
persulfate with 4,4-azobis(4-cyanovaleric acid), dibenzoyl peroxide, t-butyl perbenzoate and 
azobisisobutyronitrile. 

25 

84. The method of claim 82, wherein the monomer is selected from the group consisting 
of vinylic monomers, acrylic monomers, dienic monomers, acrylic acid, methacrylic acid and 
acrylamide. 

30 85. A method of three-dimensional printing, comprising: 

providing a first layer of a dry particulate material comprising a first reactant and a 
second reactant; 
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dispensing a fluid onto a region of the first layer; and 

allowing a reaction between the first and second reactants to occur, the reaction 
causing a solidified material to form in the first region. 



5 86. The method of claim 85, wherein at least one of the first and second reactants is 
soluble in the fluid. 

87. The method of claim 86, wherein the first and second reactants are ionic reactants. 
10 88. The method of claim 87, wherein the first reactant is an electrolyte. 

89. The method of claim 88, wherein the first reactant is a polyelectrolyte. 

90. The method of claim 89, wherein the first reactant is a cationic polyelectrolyte. 

15 

91. The method of claim 90, wherein the cationic polyelectrolyte is selected from the 
group consisting of polyallylamine hydrochloride, polybutylaminoethyl methacrylate, 
polyethyleneimine, polyvinyl pyridine and poly diallyldimethylammonium chloride. 

20 92. The method of claim 89, wherein the first reactant is an anionic polyelectrolyte. 

93. The method of claim 92, wherein the anionic polyelectrolyte is selected from the 
group consisting of sulfonated polystyrene, polyacrylic acid, polymethacrylic acid, polyvinyl 
sulfonic acid, alkali metal salts of polyacrylic acid, alkali metal salts of polymethacrylic acid, 
25 alkali metal salts of polyvinyl sulfonic acid, ammonium salt of polyvinyl sulfonic acid, 
ammonium salt of sulfonated polystyrene, ammonium salt of polyacrylic acid, ammonium 
salt of polymethacrylic acid, copolymer of sodium styrene sulfonate with maleic anhydride, 
polyethylene oxide, polyvinyl pyridine, polyethylene glycol and polyvinylpyrrolidone. 

30 94. The method of claim 92, wherein the second reactant is a cationic reactant. 



95. 



The method of claim 94, wherein the cationic reactant is selected from the group 
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consisting of Empresol N, Unicat KC1420, Unicat C3T, PENCAT 600, APOLLO 4280, 
polyallylamine hydrochloride, polybutylaminoethyl methacrylate, polyethyleneimine, 
polyvinyl pyridine, poly diallyldimethylammonium chloride, aminosilane-functionalized 
glass beads. 

5 

96. The method of claim 90, wherein the second reactant is an anionic reactant 

97. The method of claim 96, wherein the anionic reactant is selected from the group 
consisting of Astro-gum 3010, Astro-gum 21, sulfonated polystyrene, polyacrylic acid, 

10 polymethacrylic acid, polyvinyl sulfonic acid, alkali metal salts of polyacrylic acid, alkali 
metal salts of polymethacrylic acid, alkali metal salts of polyvinyl sulfonic acid, ammonium 
salt of polyvinyl sulfonic acid, ammonium salt of sulfonated polystyrene, ammonium salt of 
polyacrylic acid, ammonium salt of polymethacrylic acid and copolymer of sodium styrene 
sulfonate with maleic anhydride. 

15 

98. The method of claim 87, wherein the reaction is an ion exchange reaction. 

99. The method of claim Error! Reference source not found., wherein the first reactant 
is selected from the group consisting of metals, salts and ceramic oxides. 

20 

100. The method of claim 99, wherein the fluid is an acid. 

101. The method of claim 100, wherein the acid is selected from the group consisting of 
acetic acid and hydrochloric acid. 

25 

102. The method of claim 100, wherein the second reactant is selected from the group 
consisting of a polymeric acid, sulfonated polystyrene, polyacrylic acid, polymethacrylic 
acid, polyvinyl sulfonic acid, alkali metal salts of polyacrylic acid, alkali metal salts of 
polymethacrylic acid, alkali metal salts of polyvinyl sulfonic acid, ammonium salt of 

30 polyvinyl sulfonic acid, ammonium salt of sulfonated polystyrene, ammonium salt of 

polyacrylic acid, ammonium salt of polymethacrylic acid and copolymer of sodium styrene 
sulfonate with maleic anhydride. 
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103. The method of claim 102, wherein the metal is selected from the group consisting of 
iron, copper, carbon steel, stainless steel, aluminum, brass, molybdenum, tungsten, 
magnesium, and cobalt. 

5 

104. The method of claim 99, wherein the ceramic oxide is selected from the group 
consisting of alumina (AI2O3), anatase (TiCh), silicon dioxide, aluminum silicate and glass. 

105. The method of claim 99, wherein the mineral is selected from the group consisting of 
10 limestone (CaC03), magnetite, calcium silicate (CaSi0 4 ), hydrous calcium sulfate 

(CaS0 4 # 2H 2 0 ), hydrated lime (Ca(OH) 2 ) and calcium phosphate. 

106. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein the reaction occurs in the absence of an applied stimulus. 

15 

107. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein after the step of allowing the reaction to occur, the method further comprises the step 
of allowing the particulate material in the first region to solidify. 

20 108. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein the first region of solidify material is contiguous with a second region of free- 
flowing particulate material. 

109. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85„ 
25 further comprising the step of providing a second layer of the particulate material over the 

first layer after the dispensing step. 

1 10. The method of claim 109, further comprising the step of dispensing the fluid onto a 
first region of the second layer. 

30 



111. The method of claim 109, further comprising the steps of providing subsequent layers 
of the particulate material over a preceding layer, each providing step followed by the 
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dispensing step. 

112. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein the particulate material comprises a mixture of inert particles and the particulate 

5 reactant. 

113. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein the particulate material consists essentially of the particulate reactant. 

10 114. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
wherein the inert particle is selected from the group consisting of granular, powdered or 
fibrous materials. 

1 15. The method of any one of claims 1, 12, 21, 30, 43, 55, 61, 63, 67, 73, 78 and 85, 
15 wherein the inert particle is selected from the group consisting of a polymer, a ceramic, a 

metal, an organic material, an inorganic material, a mineral, clay and a salt. 

1 16. The method of claim 115, wherein the polymer is selected from the group consisting 
of poly(methyl methacrylate), polystyrene, polyamide, polyester, a latex, polyethylene, 

20 polypropylene, polyurethane, polyvinyl chloride, polyvinyl acetate, cross-linked polyvinyl 
pyrrolidone, hydrophilic polyurethane, poly(ethylene terephthalate), thermoplastic urethane, 
styrene-acrylonitrile copolymer, thermoplastic polyolefin, an epoxy-based polymer, 
polyether, polyamine, a polyacid, a polycarbonate, a vinyl polymer, an aromatic polyamide, a 
diene polymer, poly(phenylene oxide), polysiloxane, polynorbornene, polyisoprene, a 

25 polyphenylene ether, styrene-butadiene block copolymer, acrylonitrile-butadiene-styrene, 
high impact polystyrene and copolymers thereof. 

1 17. The method of claim 115, wherein the ceramic is selected from the group consisting 
of gypsum, limestone, clay, aluminum oxide, aluminum silicate, calcium silicate, silicon 

30 dioxide, titanium dioxide, glass, iron oxide, zinc oxide, magnetite, aluminum hydroxide, 

magnesium oxide, calcium phosphate, zirconium silicate, silicon carbide, boron nitride, boron 
carbide and borosilicate. 
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118. The method of claim 115, wherein the organic material is selected from the group 
consisting of starch, cellulose, wood powder, wax, resin, bone, protein, carbohydrates, sugars, 
textile fibers and dietary fibers. 

5 

1 19. The method of claim 115, wherein the salt is selected from the group of sodium 
silicate, sodium carbonate, sodium bicarbonate, sodium borate, sodium chloride, sodium 
sulfate, potassium sulfate, potassium chloride, magnesium sulfate, magnesium chloride, 
potassium aluminum sulfate, sodium polyphosphate and sodium acetate, hydrous calcium 

10 sulfate, calcium phosphate, sodium silicate, and hydrated lime (Ca(OH) 2 ). 
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